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ABSTRACT: This paper investigates the use of Na2CO3 as an alkaline activator on the durability of the alkali-activated slag 
(AAS) mortar toward sulfates and acids. The behavior of this binder in these aggressive environments is compared to those of 
slags activated with Na2SiO3 and NaOH. In addition, the setting times, workabilities, mechanical properties and drying shrinkage 
were evaluated. The AAS had superior workabilities, faster setting times and higher shrinkage rates than the Portland cement (PC). 
Increases in the activator dosages had positive effects on the mechanical strengths of the materials. Na2SiO3 was the best activator 
in terms of strength development, but it led to much higher shrinkage. The AAS showed less expansion and lower weight losses 
than the PC when exposed to sulfate and acids, respectively. The Na2CO3-AAS exhibited less shrinkage and higher resistance to 
sulfuric acid than the other activators, but the mechanical strength seen at early ages was low.

KEY WORDS: Alkali-activated slag; Sodium carbonate; Mechanical strength; Drying shrinkage; Sulfate resistance; Acid attack.

Citation/Citar como: Kahlouche, R.; Badaoui, A.; Criado M. (2023) Fresh, hardened and durability properties of sodium 
carbonate-activated Algerian slag exposed to sulfate and acid attacks. Mater. Construcc. 73 [351], e321. https://doi.org/10.3989/
mc.2023.309922.

RESUMEN: Propiedades en estado fresco, endurecido y de durabilidad de escoria argelina activada con carbonato sódico frente a 
los ataques por sulfato y ácido. En este trabajo se investiga el efecto de usar Na2CO3 como activador sobre la durabilidad presentada 
por los morteros de escoria activados alcalinamente (AAS) frente a los ataques por sulfato y por ácido. Los resultados muestran que 
las AAS presentan una mayor trabajabilidad, tiempo de fraguado rápido y una alta retracción comparados con la muestra de cemento 
Portland (PC). El aumento de la dosis del activador tiene un efecto positivo en la resistencia mecánica. El mortero de AAS-Na2SiO3 
es el mejor activador en términos de desarrollo de resistencias, pero presenta una retracción más alta. La expansión de AAS cuando 
es expuesto a Na2SO4 y la pérdida de peso experimentada en ambos ácidos es menor que aquellas presentadas por el PC. El mortero 
de AAS-Na2CO3 tiene una baja retracción y una alta resistencia al H2SO4 en comparación con los AAS-Na2SiO3 y NaOH, aunque su 
resistencia mecánica es baja a edad temprana.

PALABRAS CLAVE: Escoria activada alcalinamente; Carbonato sódico; Resistencia mecánica; Retracción por secado; Resistencia 
a los sulfatos; Ataque ácido.
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1. INTRODUCTION

The increased world population has generated sig-
nificant energy consumption in all areas of industry, 
which has contributed to the global climate changes 
linked to gas emissions. The production of Portland 
cement (PC) results in the emission of approximately 
700 kg of carbon dioxide (CO2) into the atmosphere 
for every ton of PC produced (1). The cement indus-
try accounts for approximately 7% of all global emis-
sions, with a heat demand of 3500 to 5000 MJ per 
ton of clinker (2). This environmental impact makes 
the use of alkali-activated binders very interesting, 
and these are produced through the reactions of alu-
minosilicates such as slag with an alkaline activa-
tor. This represents a good option for reducing CO2 
emissions. Commercialization of the alkali-activated 
binders would require a detailed understanding of the 
chemical properties of these binders, such as the set-
ting times, workabilities, hydration kinetics and du-
rabilities (3). The reactivity and mechanical strength 
development of the slag depend on its chemical com-
position, fineness, curing temperature, and type and 
concentration of the activator (4-8). Moreover, slag, 
which is a byproduct of the iron industry, has variable 
chemical compositions, and these depend mainly on 
the raw material and the industrial process used (9). 
The hydration of slag in water is slow, and a glassy 
shell that forms around the slag grain prevents ad-
vanced hydration (10); therefore, it is necessary to use 
an alkaline activating agent such as sodium hydrox-
ide or sodium silicate to promote the reaction. The 
use of an alkaline activator accelerates dissolution of 
the silica and alumina ions by breaking the Si-O and 
Al-O bonds and leads to precipitation of the hydrates 
(11-14). Bai et al. (15) show that the initial pH plays 
an important role in the dissolution of slag and the 
development of the initial hydration products, but ad-
vanced hydration depends primarily on the reaction 
of the Ca2+ dissolved from the slag with the activator 
anion.

Traditional alkaline activators such as NaOH and 
Na2SiO3 are normally used, but they have several lim-
itations, including their corrosive natures, energy-in-
tensive production methods, high costs and CO2 emis-
sion levels, and complex production systems because 
they are not available in nature (16, 17). Na2CO3 has 
a negligible carbon footprint, is abundant in nature, 
is easy to handle, is potentially beneficial in terms of 
health and safety, has proven effective in the activa-
tion process and can be utilized as an alkaline acti-
vator (18). However, its use with AASs leads to low 
mechanical strengths at early stages and fast setting 
times. In general, the behavior of the AAS depends 
mainly on the nature and dosage of the activator, the 
curing conditions and the chemical composition of 
the slag. These parameters have prevented commer-
cialization and universal formulation of these binders, 
which need to be optimized.

Alkali-activated slag materials prepared from sodi-
um hydroxide and/or sodium silicate are also charac-
terized by higher mechanical strengths, faster setting 
times and reduced susceptibilities to chemical attack 
than PC (19-21). However, shrinkage is the main 
problem limiting their use instead of PC; this higher 
shrinkage results from the nature of the gel formed 
and the higher mesopore content in the AAS, which 
tend to result in more significant shrinkage compared 
to PC (22, 23). In addition, there are few studies in 
the literature that evaluated the durabilities of sodium 
carbonate-activated slags exposed to acids and sul-
fates, and more research is needed.

Acid resistance is important because concrete 
structures can be exposed to aggressive environments 
during mineral processing, mining, and other indus-
trial processes and experience deterioration. The ac-
tion of acids on cement paste involves attacks on the 
hardened paste components; this leads to conversions 
of all calcium compounds in the unreacted residue 
and hydration products to form calcium salts of the 
attacking acid, which destroys the binding capacity 
of the hardened cement (19). Siad et al. (24) report-
ed that portlandite (Ca(OH)2) dissolved completely 
in a 5% sulfuric acid solution, while calcium silicate 
hydrate gel underwent progressive decalcification 
and the formation of other hydrates. A binder’s resis-
tance to acid attack can be evaluated by measuring 
the weight loss, compressive strength, and corroded 
depth. Aliques-Granero et al. (25) reported increases 
in the masses and expansion degrees of AAS samples 
activated by Na2SiO3 with increasing dosage (3% and 
5% wt.) of the sulfuric acid solution, and the degra-
dation appeared as cracks on the cube edges and ex-
tended toward the centers of the specimens, but no 
erosion-like phenomena were observed. In anoth-
er study (26), NaOH was used to activate slag, and 
more strength reduction was observed for treatment 
with sulfuric acid (5% H2SO4) than with hydrochloric 
acid (5% HCl). The high loss of strength in sulfuric 
acid was attributed to deterioration of the concrete 
due to the formation of expansive gypsum from the 
calcium ions in the slags and the sulfate ions in the 
acid solutions. In contrast, when the AAS mortars 
were exposed to hydrochloric acid, calcium chlo-
ride (CaCl2) was formed in smaller amounts, the salt 
hardly leached out of the concrete through the pores, 
and minimal deterioration resulted. Pereira et al. (27) 
demonstrated that activation of the slag by Na2SiO3 
and NaOH provided lower mass losses in 0.5 M hy-
drochloric acid than those seen for PC, and this lower 
mass loss of the alkali-activated binder was related to 
the absence of portlandite and the lower Ca/Si ratio 
relative to that in PC.

The degradation processes of cementitious mate-
rials in the presence of sulfates can result in expan-
sion, cracking and spalling. The degradation of ce-
ment by sulfate occurs through the formation of ex-
pansive products, including gypsum (CaSO4·2H2O) 
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and ettringite (AFt, 3CaO·Al2O3·3CaSO4·32H2O). 
Portlandite reacts with sulfates to form gypsum, 
and ettringite forms from a monosulfate (AFm, 
3CaO·Al2O3·CaSO4·12H2O) and sulfate ions. These 
products occupy larger volumes than the compounds 
they replace (28-30). Moreover, crystallization of 
these products in highly saturated pores or in meso-
pores generates damaging pressures, causing damage 
to the material (31). In the literature, the evaluation 
of sulfate resistance for AAS is based on the ordinary 
cement standard ASTM C1012 (32). AAS prepared 
with NaOH has higher stability in sodium sulfate (5% 
Na2SO4) than in magnesium sulfate (5% MgSO4), 
and the latter leads to expansion due to the forma-
tion of gypsum (33). Several studies (27, 34) have 
shown that slag specimens activated with Na2SiO3 
and NaOH showed lower reductions in mechanical 
strength and expansion than PC specimens in sulfate 
environments. The low compressive strengths of the 
PC specimens are due to the formation of expansive 
products such as gypsum or ettringite. In contrast to 
the alkali-activated binders, which did not form port-
landite, reduced amounts of the expansive products 
resulted in limited material deterioration. Another 
study (35) indicated that an AAS paste showed low 
levels of ettringite formation in Na2SO4 solutions, es-
pecially when Na2CO3 was employed as the alkaline 
activator; this prevented ettringite formation and led 
to stronger resistance against sulfate attack. On the 
other hand, the attack of Na2CO3-activated slag paste 
by a MgSO4 solution was more aggressive than that 
of a Na2SO4 solution, which led to greater degrada-
tion and loss of strength due to the formation of gyp-
sum via the reaction between SO4

2− and Ca2+ ions and 
transformation of the C-A-S-H gel into noncementi-
tious and fibrous magnesium aluminosilicate-hydrate 
(M-A-S-H) gel (36).

The durabilities of AAS materials are mainly relat-
ed to the hydration products formed, their sizes, and 
the degrees of porosity. These factors also depend on 
the curing conditions, nature, and dosage of the ac-
tivator. In addition, few studies of slag activation by 
Na2CO3 have appeared in the literature, resulting in 
limited information on the behaviors of Na2CO3-acti-
vated slags exposed to chemical attack, such as their 
corrosion depths. This lack of information confirms 
the need for this work. Therefore, this study was de-
signed aid in the global commercialization of AAS by 
determining the behavior of Na2CO3-activated Alge-
rian slag mortar cured at 95% relative humidity (RH) 
and 23 °C; these were subjected to aggressive envi-
ronments, such as sulfates, hydrochloric and sulfuric 
acids, and the results obtained were compared under 
the same exposure conditions for slags activated with 
Na2SiO3 and NaOH. For comparative purposes, a 
similar study was carried out with PC as the reference 
material. In addition, the effects of activator dosage 
and the natures and silicate moduli on the properties 
of fresh and aged samples were evaluated with the 

setting times, workabilities, mechanical properties 
and drying shrinkage of the AAS. 

2. EXPERIMENTAL PROGRAM 

2.1. Materials

Portland cement class CEM I 42.5 R was used as 
the reference binder. Granulated blast-furnace slag 
byproduct from the El-Hadjar steel factory (Annaba, 
Algeria) was used in this study. The chemical compo-
sition was determined by X-ray fluorescence (XRF) 
with a Rigaku ZSX Primus II spectrometer, and the 
physical properties of the cement and slag are pre-
sented in Table 1. The specific surface areas corre-
sponded to the Blaine fineness, which was evaluated 
according to European standard EN 196-6. The X-ray 
diffraction patterns of the cement and slag are shown 
in Figure 1. The PC was composed of 59.63% alite 
(C3S), 16.75% belite (C2S), 7.77% tricalcium alu-
minate (C3A), 11.25% tetracalcium aluminoferrite 
(C4AF) and 4.60% gypsum (CaSO4.2H2O). The dif-
fractogram of the raw slag showed a predominantly 
amorphous halo at approximately 22-38° (2θ) and 
calcite (CaCO3).

Table 1. Chemical compositions and physical properties of the 
cement and slag.

Oxide Cement Slag
SiO2 (%) 21.03 41.06
Al2O3 (%) 5.17 8.69
Fe2O3 (%) 3.61 1.31
CaO (%) 64.01 43.40
MgO (%) 0.78 3.05
SO3 (%) 2.55 1.22
Na2O (%) 0.27 0.13
K2O (%) 0.50 0.98
Loss on ignition (%) 1.22 0.15
Specific Gravity (g/cm3) 3.14 2.93
Blaine Fineness (cm2/g) 3600 3600

2.2. Paste and mortar formulations 

Alkali-activated slag binders were produced 
by activating the slag with liquid sodium silicate 
(Na2SiO3) composed of 27.8 wt% SiO2, 8.2 wt% 
Na2O, 64 wt% H2O, sodium hydroxide pellets 
(NaOH, 98% pure) and sodium carbonate (Na2CO3, 
98% pure). The activation solutions were prepared 
from three activators with various dosages and sili-
cate moduli (Ms=SiO2/Na2O). The dosages of Na2O 
and Na2CO3 were calculated from the slag mass. 
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The mixing proportions of the AAS binders are 
presented in Table 2.

Siliceous sand with a 0/3 mm fraction and a fine-
ness modulus of 1.98 was used to produce the mortars. 
The PC and AAS mortars were prepared according to 
EN 196-1, with water to binder (W/B) ratios of 0.5 
and sand to binder ratios of 3. These ratios required 
225 g of water, 450 g of binder, and 1350 g of sand 
for the final mortar mixture. These masses were kept 
constant for all mixtures. The binder pastes for the 
X-ray diffraction (XRD) and thermogravimetric (TG) 
analyses were prepared with W/B ratios of 0.27. This 
ratio was selected based on the normal consistencies 
of the pastes. For the setting time measurements, the 
pastes were mixed to the normal consistency required 
by the standard.

2.3. Methods

Initially, the nature and dosage of the alkaline acti-
vators and the silicate moduli and their effects on the 
fresh properties of the alkali-activated samples and 
the reference sample were evaluated. The workability 
of the mortar was evaluated with a flow table by mea-
suring the spreading diameter as in the EN 1015-3 

standard. The setting times (initial and final) of the 
pastes were measured with a Vicat apparatus accord-
ing to EN 196-3. Subsequently, the effects of these 
variables on the properties of the hardened samples 
were studied by determining the mechanical strengths 
and shrinkage. The mortar mixtures were cast into 
40×40×160 mm3 prismatic steel molds and vibrated 
on a shock table. After demolding, the AAS speci-
mens were stored in a humidity chamber at approx-
imately 23 °C and 95% RH, and in water for the PC 
specimens, until reaching the ages of the flexural and 
compressive strength tests. The drying shrinkages of 
the mortars were measured periodically in the labora-
tory at 20 °C and 55% RH on 40×40×160 mm3 prisms 
for up to 12 months, as specified in EN 12617-4.

After that, according to the mechanical strength 
results, a sample treated with each activator (sodium 
carbonate, sodium hydroxide and a mixture of sodi-
um hydroxide and sodium silicate) and the PC paste 
were characterized by XRD and TG to identify the 
reaction products. The XRD and TG analyses were 
performed on powders from the 20×20×20 mm3 cu-
bic paste samples. The cubes were demolded after 
24 hours and cured under 95% RH and 23 °C for the 
AAS and in water for the PC. At the test age, the cubic 
pastes were ground into powders. The TG analyses 
were carried out at 28 days of curing with a DTA-50 
Thermal Analyzer by heating approximately 10 mg 
of the paste powder from 50 to 1000 °C in a nitrogen 
atmosphere with a heating rate of 20 °C/min. After 28 
and 180 days of curing, an ADVANCE A25 D8 X-ray 
diffractometer was used for the XRD analyses, which 
were carried out over a range of 5° to 60° (2θ) with 
a scan rate of 1 s/step and a resolution of 0.05°/step.

Finally, these same four formulations were exposed 
to sulfates and acids to evaluate their durabilities in 
these aggressive environments. To evaluate the AAS 
resistance to sulfate attack, the degrees of expansion 
were measured for three prismatic mortars measuring 
40×40×160 mm3 for each activator and the reference 

Table 2. Mixing proportions of the AAS binders (in g).

Mix Activators Dosage Ms Slag Na2SiO3 NaOH Na2CO3

M1
Sodium
Silicate

&
Sodium

Hydroxide

7% Na2O 0 450 0 40.5 0
M2 4% Na2O 0.5 450 33 18.7 0
M3 6% Na2O 0.5 450 49.4 28.1 0
M4 8% Na2O 0.5 450 66 37.4 0
M5 6% Na2O 0.75 450 74.1 24.7 0
M6 6% Na2O 1 450 98.8 21.3 0

M7
Sodium

Carbonate

9% Na2CO3

(5.26% Na2O) 0 450 0 0 40.5

M8 15% Na2CO3

(8.77% Na2O) 0 450 0 0 67.5

Figure 1. X-ray diffractograms of slag and PC.
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PC mortar. At 28 days of curing, the samples were im-
mersed in sodium sulfate solutions (5% Na2SO4) for 
12 months. The lengths were measured every 15 days. 
The sodium sulfate solution was renewed each month, 
and the volumes were four times the specimen’s vol-
ume. On the other hand, the acid attack resistance was 
evaluated from the weight losses of 40×40×160 mm3 
prismatic specimens over 12 months. After 28 days of 
curing, three specimens of the mortar were immersed 
in 3% HCl and 3% H2SO4. The acid solution volumes 
were four times the volume of immersed specimen, 
and the acid was refreshed each month. The speci-
mens were extracted from the solution monthly, 
rinsed three times with tap water, blotted with a paper 
towel, and left to dry at 20 ± 3 °C and 50% RH for 
30 min before weighing. After one year of exposure, 
deterioration of the mortar was determined visually 
by observing changes in the outer layer of the mor-
tar specimen and by measuring the cross section of 
the undamaged core after splitting each specimen into 
two parts to determine the corrosion depth.

Some of the data presented in this study for the 
reference cement (PC) and the NaOH-activated slag 
(M1) were from the work of Kahlouche et al. (37).

3. RESULTS 

3.1. Effects of the activator nature and dosage and 
the silicate modulus on the fresh properties of the 
AAS pastes and mortars

3.1.1. Workability

The flowabilities of the fresh mortars are given in 
Figure 2; most of the AAS mortars present higher 
workabilities than the PC mortar. This high workabil-
ity for the AAS was mainly attributed to the plasticiz-
ing effects of the activators. The workability was re-
duced with increasing Na2O content in the activating 
solution. In contrast, increases in the silicate modulus 
significantly improved the workability. Activation of 
the slag by NaOH and Na2CO3 led to lower workabil-
ities compared to that seen for sodium silicate.

3.1.2. Setting time 

Figure 3 illustrates the setting times (initial and fi-
nal) of the different binder pastes. The AAS pastes 
has shorter setting times than the PC paste. For a sil-
icate modulus of 0.5 (the M2, M3 and M4 samples), 
increases in the Na2O dosage significantly reduced 
the setting times of the binder. The same behavior 
was seen for the Na2CO3-activated slag samples, and 
increases in the Na2O dosage also led to reductions 
in the setting times, which is clearly observed for the 
values obtained for the M7 and M8 samples. On the 
other hand, the setting times for the M3, M5 and M6 
samples made with 6% Na2O increased with higher 
silicate moduli. 

Figure 2. Flow values of the mortars.

Figure 3. Initial and final setting times of the binders.

3.2. Nature and dosage of activator and silicate 
modulus and their effects on the properties of the 
hardened AAS mortars

3.2.1. Mechanical strengths

The compressive strengths of the PC and AAS 
mortars are given in Table 3. These results showed 
increases in the strength of all binders with aging; this 
favored precipitation of the gel, which was responsi-
ble for the mechanical development of the material. 
The Na2SiO3-activated slag mortar developed a high-
er strength compared than the mortars activated with 
the other activators. The strength of the M6 sample 
even exceeded that obtained for the PC and repre-
sented an increase of 32% after 28 days compared to 
the PC. Greater compressive strengths also resulted 
from a high silicate modulus, such as Ms values of 
0.75 and 1 (M5 and M6 samples) at 28 days, and the 
strengths were greater by 12% and 38%, respectively, 
compared to that obtained with an Ms of 0.5 for the 
M3 sample. In contrast, at early ages, mortars have 
lower compressive strengths for high moduli. For the 
mortars with an Ms=0.5, increases in the Na2O dos-
age (6% and 8%, M3 and M4 samples) improved the 
compressive strengths by 53% and 58% compared to 
the mortar of the M2 sample treated with 4% Na2O at 
28 days. In addition, the strengths of the mortars ac-
tivated with this alkaline solution reached more than 
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90% of their final values at 28 days. On the other hand, 
the slag mortars activated with NaOH developed the 
lowest compressive strengths after 28 days, and they 
were 64% lower than that obtained for the PC mor-
tar. With regard to activation of the slag mortar by 
Na2CO3, it developed very low strengths in the first 
stages. From 28 days, the strength increased signifi-
cantly but remained lower than that of the PC mortar. 
It was also observed that increasing the Na2O dosage 
improved the compressive strengths at any age for the 
M7 and M8 samples.

The flexural strengths of the PC and AAS mortars 
are also given in Table 3. These results showed that the 
strengths for the different types of binders increased 
with age. Activation of the slag mortar by sodium 
silicate provided flexural strengths lower than that of 
the PC mortar at 2 days, but the differences tended 
to equalize over time or in certain cases even exceed 
these values. The mortar with a 6% Na2O dosage and 
an Ms=0.5 (M3 sample) had the highest strength. 
The variations in the Na2O dosages and Ms values 
for the Na2SiO3 activator had no remarkable effect on 
the flexural strengths, and no correlation was found 
between the evolutions of the flexural strengths and 
compressive strengths for the different Ms and Na2O 
dosages. For the sodium hydroxide-activated slag 
mortar, the flexural strengths remained lower than 
that of the PC mortar. Activation of the slag mortar by 
sodium carbonate did not generate flexural strength 
during the first stage. However, with increasing acti-
vator dosage, the strength increased and became sim-
ilar to that of the PC mortar at advanced ages.

3.2.2 Drying shrinkage 

The drying shrinkage of the PC and AAS mortars is 
illustrated in Figure 4. The shrinkage values increased 
with age for all mortar types, but after aging for 56 
days, these values remained approximately constant. 
The AAS mortars showed more shrinkage than the 

PC mortar. In addition, the slag activated with sodium 
silicate showed more shrinkage than the slags activat-
ed with sodium hydroxide and sodium carbonate. The 
shrinkage values of the mortars made with 6% Na2O 
(samples M3, M5 and M6) significantly increased 
with increasing silicate moduli, and they increased 
faster and reached 52%, 82% and 83% at 7 days for 
the final shrinkage values for moduli of 0.5, 0.75 
and 1, respectively. Moreover, for the mortars with 
Ms=0.5 and 4%, 6% and 8% Na2O dosages (M2, M3 
and M4 samples), the shrinkage values increased by 
3, 5 and 6 times, respectively, compared to that of the 
PC mortar. The NaOH-activated slag mortar exhibit-
ed slightly higher shrinkage than the PC mortar; this 
shrinkage value was the lowest of all values obtained, 
independent of the alkaline activator employed. It was 
also seen that increases in the Na2CO3 activator dos-
age (M7 and M8 samples) did not have considerable 
effects on the shrinkage, except for a slight reduction.

Table 3. Compressive and flexural strengths of the mortars at different ages.

Mortar 
type Compressive strength (MPa) Flexural strength (MPa)

2-Days 7-Days 28-Days 90-Days 2-Days 7-Days 28-Days 90-Days
PC 23.1 ± 0.3 35.4 ± 1.1 44.6 ± 1.1 51.8 ± 1.3 5.1 ± 0.2 6.5 ± 0.1 7.0 ± 0.2 7.4 ± 0.3
M1 5.7 ± 0.1 10.9 ± 0.2 15.8 ± 0.3 21.9 ± 0.6 2.7 ± 0.1 4.5 ± 0.1 4.8 ± 0.1 5.4 ± 0.2
M2 7.7 ± 0.3 15.9 ± 0.4 27.8 ± 0.0 30.4 ± 0.6 1.9 ± 0.3 3.1 ± 0.2 6.9 ± 0.1 7.5 ± 0.1
M3 12.1 ± 1.0 25.3 ± 0.3 42.8 ± 0.3 47.1 ± 1.0 4.0 ± 0.1 8.0 ± 0.1 10.0 ± 0.1 10.5 ± 0.4
M4 13.4 ± 0.4 32.2 ± 1.0 44.0 ± 0.5 49.3 ± 2.3 4.2 ± 0.1 7.3 ± 0.2 7.3 ± 0.3 7.7 ± 0.3
M5 6.6 ± 0.1 29.1 ± 1.5 48.1 ± 1.4 47.4 ± 1.3 2.1 ± 0.1 6.0 ± 0.1 9.0 ± 0.3 9.2 ± .2
M6 8.0 ± 0.1 37.0 ± 2.0 59.1 ± 0.7 59.9 ± 3.4 2.9 ± 0.0 7.0 ± 0.2 8.0 ± 0.0 8.9 ±0.2
M7 0.5 ± 0.0 1.1 ± 0.1 20.7 ± 0.7 29.3 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 4.1 ± 0.3 4.4 ± 0.1
M8 1.4 ± 0.1 3.7 ± 0.2 40.0 ± 2.2 41.3 ± 1.1 0.0 ± 0.0 0.9 ± 0.0 6.3 ± 0.4 6.6 ± 0.2

Figure 4. Drying shrinkage levels of the different mortars.

3.3. Characterization of the AAS pastes

In light of the results of the mechanical strengths, 
the study was extended by choosing one dosage for 
each activator, depending on the binders that devel-
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oped the greater mechanical strengths and taking into 
account the economic factors. The samples selected 
were M1, M3, M8 and PC, which were characterized 
to identify the reaction products.

3.3.1. XRD analyses

Figure 5 illustrates the XRD patterns determined 
for the PC and AAS pastes (M1, M3 and M8) after 28 
and 180 days of hydration. The data show the pres-
ence of C-S-H gel, portlandite, ettringite and calcite 
in the PC paste cured for 28 days. The main reaction 
product from AAS hydration was C-S-H rich in Al; 
other crystalline phases were also detected, and their 
natures depended on the alkaline activator, stratlingite 
(C2ASH8) and hydrotalcite (Mg6Al2CO3(OH)16•4H2O) 
in NaOH-activated slag paste (M1) and gaylussite 
(Na2Ca(CO3)2•5H2O) in the Na2CO3-activated slag 
paste (M8). In the diffractogram for the slag paste 
activated with Na2SiO3 (M3), no other crystalline 
phase was detected. Increased aging did not affect 
the diffraction peak intensities of the phases formed 
in the slag samples activated by Na2SiO3 and NaOH. 
In contrast, in the sample activated by Na2CO3, the 
diffractogram presented increases in the intensities 
of the diffraction peaks for C-A-S-H and gaylussite, 
indicating progression of the hydration reaction. The 
XRD patterns confirmed that the different hydration 
products were already formed at 28 days.

3.3.2. TG/DTG analyses

The TG/DTG curves of the AAS and PC pastes 
aged for 28 days are presented in Figure 6. For the 
TG curves, the total weight losses of the samples were 
19.7%, 14.3%, 17.7% and 15.6% for PC, M1, M3 and 
M8, respectively. As shown in Figure 6, most of the 

weight loss occurred between 50 °C and 250 °C, and 
up to 100 °C, the mass losses corresponded to free wa-
ter for all binders and gaylussite for the Na2CO3-ac-
tivated slag (38). The AAS presented a peak at ap-
proximately 120 °C that corresponded to dehydration 
of the C-(A)-S-H gels in the pastes. The mass loss 
at 350 °C for the NaOH-activated slag was attributed 
to the decomposition of hydrotalcite (4). Finally, for 
the temperature range 500-800 °C, the weight losses 
were due to decarbonation of the carbonate-contain-
ing phase (39). For the PC sample, the DTG curve 
showed three main peaks: the first peak located below 
150 °C corresponded to dehydration of the C-S-H gel 
and ettringite, the second peak between 450-550 °C 
was attributed to the dehydration of portlandite, and 
the third peak corresponded to the decarbonation of 
calcite at approximately 550 to 800 °C (1, 33). The 
exothermic peaks for different weight loss percentag-
es occurring at different temperatures confirmed the 
formation of distinct compounds according to the na-
ture of the binder and the alkaline activator, as previ-
ously observed by XRD. 

Figure 5. X-ray diffraction diagrams of the cement pastes aged for 28 and 180 days.

Figure 6. TG/DTG data for the AAS and PC pastes after 28 days 
of hydration.
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3.4. Durabilities of the AAS mortars exposed to 
sulfates and acid 

The previous four samples (M1, M3, M8 and PC) 
were exposed to sulfate and acid to evaluate their du-
rabilities in these aggressive environments.

3.4.1. Sulfate attack

Figure 7 presents data for the expansion of the PC 
and AAS (M1, M3 and M8) mortars immersed in so-
dium sulfate (5% Na2SO4) for 12 months. The results 
showed that expansion of the PC mortar increased 
with increasing immersion time, which represent-
ed the largest mortar expansion, 0.54%, seen at 12 
months. Fast acceleration of the expansion was ob-
served from 8 months forward. On the other hand, the 
AAS mortars presented less expansion that stabilized 
at values less than 0.03% after 5 months. This repre-
sented 95%, 97% and 99% reductions in the amounts 
of expansion for M1, M3 and M8 at 12 months, re-
spectively, compared to that of the PC mortar. Upon 
visual inspection, deteriorated areas appeared in 
the PC mortar after 4 months of exposure, and fine 
cracks at the edges and spalling at the corners of the 
specimens were observed, principally due to expan-
sion. These cracks increased with age. For the AAS 
mortars, no signs of deterioration were seen until 12 
months of immersion in a sodium sulfate solution. 

3.4.2. Acid attack 

Figure 8 presents the mass losses of the PC and 
AAS (M1, M3 and M8) mortars immersed in 3% HCl 
and 3% H2SO4 solutions for 12 months. The PC mor-
tar exhibited greater mass losses than the AAS mor-
tars for immersion in both acids. More weight was 
lost during exposure to H2SO4 than to HCl, with val-
ues of 92% and 31%, respectively, after 12 months of 
exposure. For the M1 and M3 mortars, slight increas-
es in the weights were observed for up to 3 months of 
exposure to H2SO4. At that age, degradation began, 
and the amounts of mass lost increased with increas-
ing exposure time and reached 44%, 33% and 14% 
for the M1, M3 and M8 mortars, respectively, at 12 
months. For the other specimens immersed in HCl, 
the mass losses started from the moment of immer-
sion and continued to increase until they reached 
14%, 14% and 21% for M1, M3 and M8, respectively, 
at 12 months.

The slag mortar activated with NaOH (M1) showed 
lower resistance to sulfuric acid than to hydrochloric 
acid, and it was one of the most resistant binders to 
HCl. However, the slag mortar activated by Na2CO3 
(M8) presented the opposite behavior, and this binder 
exhibited the highest resistance to H2SO4 and a 7% in-
crease in the mass loss due to HCl. When sodium sil-
icate was used as the activator (M3), the degradation 
behavior (mass loss) observed was the same as that 
observed for the NaOH-activated slag mortar in HCl. 
In addition, the weight losses were 54%, 54% and 
32% lower for the M1, M3 and M8 samples, respec-
tively, compared to the PC mortar after 12 months of 
immersion in HCl, and they were 52%, 64% and 85% 
lower for H2SO4 immersion.

Figure 9 shows visible degradation of the mortar 
specimens after 12 months of immersion in water and 
both acids. All PC and AAS specimens exposed to 
HCl acid preserved their dimensions and their pris-
matic forms and did not exhibit extensive degrada-
tion on their external surfaces, except for the loss of 
small sand grains (see the top of Figure 9). Among the 
specimens exposed to sulfuric acid (see the bottom 
of Figure 9), the PC mortar showed severe degrada-Figure 7. Expansion of the mortars immersed in sodium sulfate 

solutions.

Figure 8. Mass losses of the mortars after immersion in (a) 3% HCl and (b) 3% H2SO4.
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tion with a reduction in the cross-section of the prism. 
This reduction was due to dissolution of the binder in 
the acid-exposed layer, which led to deterioration of 
the mortar by erosion. Deterioration of the AAS mor-
tar resulted in cracks at the borders of the specimens, 
which increased with increasing exposure times. The 
NaOH-activated slag mortar (M1) also showed losses 
of small parts of the external layers. The Na2SiO3-ac-
tivated slag mortar (M3) showed an increase in the 
cross-section, which was on average 43×43 mm².

On the other hand, all of the mortars exposed to hy-
drochloric acid showed complete deterioration of the 
specimen cores (yellow color), with little loss of mass, 
and no mechanical strength developed after one year of 
exposure. For the mortars exposed to sulfuric acid, un-
damaged cores (the colors were black) were observed 
with diameters of 10 mm, 18 mm and 22 mm for the 
mortars M1, M3 and M8, respectively. The core of 
the reference mortar presented a 12×12 mm² section. 
The slag activated by sodium carbonate presented the 
largest undamaged core after immersion in the H2SO4 
solution and little loss of the outer layer compared to 
the samples made with the other activators. 

4. DISCUSSION

This section presents a scientific discussion of the 
properties of the AAS in its fresh and hardened states 
as a function of the nature and dosage of the activator 
and the silica modulus. These properties were mainly 
related to reactions of the slag with the components of 
the alkaline activator.

The high fluidity of the AAS was due to the alkaline 
activator, which had a plasticizing effect. For example, 
when sodium silicate was used as an activator, silicate 
ions were adsorbed onto the surfaces of the slag grains. 
They adsorbed on the surfaces of the particles, which 
increased the magnitude of the electric double layer 
repulsive forces and led to deflocculation of the par-
ticles and consequently to increases in the workability 
(40). The presence of silicate ions in the sodium silicate 
activator justified the higher fluidity of the AAS com-
pared to those treated with the other activators (NaOH 
and Na2CO3). As for the setting time, the rapid setting 
of the AAS was attributed to faster dissolution of the 
slag and formation of more initial hydrates compared 
to the PC compounds. Particularly for sodium silicate, 
Palacios et al. (41) detected the formation of a highly 
polymerized product after only 40 min (sodium alumi-
nosilicate gel and C-A-S-H). It was also mentioned that 
activation of the slag by NaOH required more time to 
form C-A-S-H than activation of the slag by Na2SiO3. 
There were initially no silicate species in solution, and 
the concentrations of silicate and aluminum species, as 
well as that of calcium ions, slowly increased as the 
slag dissolved, which explained the faster setting time 
of the latter.

On the one hand, an increase in the modulus of the 
silicate led to an increase in the number of silicate ions 
adsorbed on the particle surface and an increase in the 
magnitude of the repulsive force, which explains the 
improvements in workability seen with increasing sil-
icate modulus. In addition, the increased setting time 
seen with a higher silicate modulus may have been 
related to the decreased pH of the alkaline solution, 

Figure 9. Deterioration of the specimens after 12 months of exposure to 3% HCl and 3% H2SO4.
(A: Preserved in water B: Exposed to acid C: Cross section).
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which slowed the formation of hydrates and conse-
quently the setting phenomenon. The silicate species 
were more highly polymerized and reacted slowly 
with the calcium released from the slag, and the time 
needed to induce gel formation was elongated (42).

On the other hand, increases in the dosages of the 
activators containing sodium hydroxide and sodium 
silicate accelerated dissolution of the slag by breaking 
the Si-O and Al-O bonds and forming hydration prod-
ucts (C-(A)-S-H) that enhanced the binding proper-
ties of the material, which led to reductions of the 
workabilities and rapid hardening of the specimens 
with short setting times (43, 44). When Na2CO3 was 
used to activate the slag, the same effect was seen for 
increased Na2O dosages, leading to better workability 
and a reduction in the setting time. Bernal et al. (45) 
observed that at an early age, the reactions between 
carbonate (CO3

2-) ions from the Na2CO3 with calci-
um (Ca2+) ions in the slag occurred to form calcite 
and gaylussite. Moreover, zeolite was also formed 
from the aluminate and silicate species in the slag 
due to the sodium from the Na2CO3. Subsequently, 
once the CO3

2− was exhausted, a C-A-S-H gel was 
formed via a reaction involving calcium, aluminum 
and silicate dissolved from the slag. Increasing this 
activator dosage accelerated dissolution of the slag, 
consumption of the carbonate ions and formation of 
these hydration products. The diffractograms and the 
thermogravimetric analyses corroborated the precip-
itation of these products, gaylussite and carbonates. 
The presence of gaylussite in the hydration products 
from Na2CO3-activated slags has also been reported 
in the literature (38, 46, 47).

The main factors affecting the mechanical strength 
are the hydration products formed during hydration 
of the binder and the porosity of the material. The 
different mechanical strengths of the AASs were re-
lated to the nature of the hydrates formed with each 
activator. Taking into account the XRD and TG data 
for the samples, the main reaction product for all of 
the samples was the C-A-S-H gel, but the second-
ary reaction products differed according to the type 
of activator used. Strantligite and hydrotalcite were 
detected when sodium hydroxide was employed as 
the activator, while gaylussite and another carbonate 
were formed when the slag was activated with sodium 
carbonate or a mixture of sodium silicate and sodium 
hydroxide. The low mechanical strength seen at an 
early age for the slag activated by sodium carbonate 
was due to the low alkalinity of the activator solution, 
which delayed the dissolution of slag and hydrate 
precipitation (48), which enabled the generation of 
gaylussite and calcite. These phases did not give the 
high degree of cohesion necessary for the develop-
ment of high early mechanical strength. At later ages, 
the increased strengths were due to formation of the 
C-A-S-H gel, which led to an increased strength (45).

The increased compressive strengths seen with 
higher silicate moduli were related to the incorpora-

tion of silicate anions into the C-A-S-H gel structure, 
resulting in a decrease in the Ca/Si ratio and thus an 
improvement in the binding capacity of C-A-S-H 
(21); the M6 sample exhibited the highest mechani-
cal strength. Additionally, the structures of the sam-
ples were densified with higher Ms, leading to lower 
porosities (21). In addition, over time, more silicate 
anions were dissolved in the medium, and they were 
incorporated into the gel structure, refining the ma-
trix and improving the compressive strengths of all 
samples.

Greater mechanical strength development was 
observed for increasing activator dosages. This may 
have been due to the increased alkaline concentra-
tions in the activation solutions. This enabled the dis-
solution of more calcium and silicate ions in the slag 
grains and generated more gel, which was responsi-
ble for the binding properties; consequently, a higher 
strength of the system was achieved.

The unremarkable variations in flexural strength 
with increases in the Na2O dosage and silicate mod-
ulus of the sodium silicate activator may have been 
related to greater sensitivity of the flexural strength to 
cracking compared to the compressive strength. In a 
previous study (21), SEM images showed significant 
formation of microcracks in the matrix and matrix-ag-
gregate interfaces in samples with high Ms values.

The drying shrinkage resulted from the decreased 
volume of the material caused by chemical reactions 
and the exchange of moisture with the environment 
(23). This occurred through two mechanisms: disjunc-
tion pressure, mainly when the material had a very 
fine porosity, and capillary suction (49). The higher 
shrinkage of the alkali-activated slag compared to the 
PC was related to the higher amount of mesopores 
(with pore diameters between 2.5 and 50 nm) of the 
AAS, which resulted in higher capillary stresses lead-
ing to higher shrinkage (50). In addition, the forma-
tion of a calcium silicate gel rich in aluminum during 
hydration of the sodium silicate-activated slag led to 
a drying shrinkage higher than that of the PC. This 
gel had a high water content, which may dry out with 
water loss (51).

As for the influence of the silicate modulus and the 
Na2O dosages for the samples activated with sodi-
um hydroxide or a mixture of sodium hydroxide and 
sodium silicate, a high Ms and dosage precipitated 
more C-A-S-H gel, which may explain the increased 
shrinkage of the specimens. Li et al. (52) found that 
sodium silicate-activated slag mortar exhibited more 
drying shrinkage than sodium hydroxide activation. 
The high shrinkage of the Na2SiO3-activated slag 
mortars was related to the percentage of mesopores. 
These mortars had higher percentages of mesopores 
than the slag mortars activated with NaOH, which im-
plied an increase in the water evaporation rate (23). 
However, when sodium carbonate was employed as 
the activator, the increased Na2O dosage had a neg-
ligible effect on the shrinkage, which may have been 
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related to the increased reaction rate, as has been ex-
plained previously; this resulted in an increase in the 
amount of chemically bound water reduced the rate of 
water evaporation (53).

The durabilities of the AAS mortars exposed to sul-
fates and acid depended on the nature of the alkaline 
activator employed and the reaction products formed. 
For sulfate attack, the expansion of the PC mortar was 
due to the formation of expansive products (gypsum 
and ettringite), which exerted great pressure on the 
pore walls. These expansive products were formed by 
reactions of the portlandite and AFm phases with sul-
fate ions (30, 54). The opposite behavior was observed 
for the AAS mortars, and the low expansion rates of 
these specimens may have been due to the reaction 
products formed. The absence of portlandite during hy-
dration of the AAS mortar, independent of the activator 
(sodium hydroxide, a mixture of sodium hydroxide and 
sodium silicate, and sodium carbonate) used, resulted 
in the formation of few expansive products in the sul-
fate environment and consequently low expansion, as 
shown by the XRD and TG/DTG analyses. In addition, 
the AAS mortars exhibited low permeabilities, which 
enabled less penetration of the aggressive ions com-
pared to the PC mortar (55, 56). The alkaline activator 
employed did not seem to exert any effect on the du-
rabilities of the AAS mortars during sulfate attack; the 
damage levels were similar for the three samples.

The AAS mortars exhibited higher resistance than 
the PC mortar when they were exposed to HCl and 
H2SO4, and the AAS mortars exhibited lower mass 
losses and larger nondamaged cores than the PC mor-
tar. This high resistance was due to the lower calcium 
content in the slag, the absence of portlandite indi-
cated by the diffractograms and the TG analysis, and 
the formation of a C-A-S-H gel with a low Ca/Si ra-
tio. This precluded the precipitation of salts, resulted 
in low initial permeability and high alkalinity of the 
pore solution, and provided high stability to an acidic 
medium (20). The anion of the acid exerted a great 
influence on the durabilities of the samples because 
it reacted with the calcium ions of the slag to form 
a salt of the attacking acid. Greater mass losses oc-
curred for the mortars exposed to H2SO4 relative to 
those exposed to HCl. In the sulfuric acid solution, 
the reaction between sulfuric acid and the calcium 
ions formed ample amounts of expansive products 
such as gypsum, which caused great deterioration 
of the specimens. In addition, the cracks formed on 
the edges of these specimens facilitated penetration 
of the acid ions, which further deteriorated the ma-
terial due to leaching of the calcium ions (26). The 
formation of expansive products also resulted in in-
creased cross-sections, as with the M3 mortar. This 
effect of sulfuric acid on the Na2SiO3-activated slag 
was observed by Aliques-Granero et al. (25). For 
hydrochloric acid, the chloride ions reacted with the 
calcium ions and formed small quantities of calcium 
chloride. This salt was highly soluble and leached out 

of the concrete through its pores or by creating voids 
that deteriorated the specimen (26). In these cases, the 
small amounts of calcium chloride precipitated result-
ed in less leaching and less deterioration of the sam-
ples compared to sulfuric acid exposure.

The specimens activated with sodium hydroxide or 
a mixture of sodium hydroxide and sodium silicate 
behaved similarly in the hydrochloric acid, while ac-
tivation with sodium carbonate provided different re-
sults. These samples showed better resistance to sul-
furic acid and worse resistance to hydrochloric acid 
than the other two samples. Ye et al. (35) observed 
that the carbonate anions suppressed ettringite pre-
cipitation from the sodium carbonate-activated slag, 
and therefore, this sample developed a high resistance 
toward the aggressive environment. However, the use 
of the sodium carbonate activator resulted in higher 
total pore volumes and increased permeabilities of the 
ions (57), e.g., chloride ions in this case, and therefore 
enabled increased formation of the chloride salts and 
further deterioration of the material.

In light of these results, the use of sodium carbon-
ate as the alkaline activator to provide a cementitious 
material from blast furnace slag is very attractive from 
the perspectives of environmental and economic fac-
tors and material durability. It has the advantages of 
low drying shrinkage and high resistance to sulfate at-
tack and sulfuric acid, as indicated by the mass losses 
and deterioration levels of these specimens compared 
to those made with other activators (sodium silicate 
and sodium hydroxide), despite the low mechanical 
strengths at early ages.

5. CONCLUSIONS

This paper presents a study of Algerian slag acti-
vated by Na2CO3 and its behavior toward aggressive 
conditions involving sulfates, hydrochloric acid and 
sulfuric acid, and a comparison is provided with 
slags activated by Na2SiO3 and NaOH. In addition, 
the effects of dosage and activator type on the work-
abilities, setting times, mechanical strengths, drying 
shrinkage levels, and hydration products formed were 
also evaluated. The main conclusions derived from 
this investigation were:

•	 In general, the AAS mortars showed better 
workabilities than the PC mortars, which im-
proved with increasing silicate modulus. The 
setting times of the AAS pastes were shorter 
than those of PC mortars, and increased Na2O 
and Na2CO3 dosages led to reductions in the 
setting times.

•	 The highest compressive strengths were ex-
hibited by Na2SiO3-activated slag mortars with 
high silicate moduli and Na2O dosages. Great-
er Na2CO3 dosages improved the compressive 
and flexural strengths, but they remained lower 
than those of the PC mortar.
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•	 The AAS mortars showed greater shrink-
age than the PC mortar. Drying shrinkage of 
the AAS mortars generally increased with 
high-modulus silicate and greater Na2O dosag-
es. The slag mortars activated with NaOH and 
Na2CO3 presented lower drying shrinkage than 
the slag mortar activated with Na2SiO3.

•	 The XRD and TG/DTG results showed that 
the C-(A)-S-H gel was the main product of the 
AAS pastes. However, other crystalline prod-
ucts were formed depending on the type of ac-
tivator.

•	 The AAS mortars show high stabilities in sul-
fate environments and the expansion levels 
were more than 95% lower than that of the PC 
mortar.

•	 Sulfuric acid was more aggressive than hy-
drochloric acid in terms of mass loss, and the 
AAS mortars exhibited higher resistance to 
both acids than the PC mortars. The Na2SiO3 
and NaOH-activated slags exhibited the best 
binder resistance to hydrochloric acid.

•	 Hydrochloric acid attack generated low mass 
losses but complete deterioration of the speci-
men core, which exhibited no binding capaci-
ty. The opposite behavior occurred upon expo-
sure to sulfuric acid, with a high mass loss and 
an undamaged specimen core.

•	 The slag activated by sodium carbonate had 
the highest resistance to sulfuric acid in terms 
of mass losses and specimen deterioration but 
a lower mechanical strength at an early age.
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